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The discovery in 1982 that an intron
of the protozoan Tetrahymena can
excise itself from precursor ribosomal
RNA in the absence of protein
challenged the belief that only
proteins can act as biological
catalysts. The new field of RNA
enzymology emerged to study such
phenomena, and catalytic RNAs have
now been shown to fold up to form
complex three-dimensional surfaces
that can bind specific substrates and
break and join RNA chains.
Today, the catalytic mechanisms
of one or two RNA enzymes (or
ribozymes) are understood as well as
the mechanisms of action of typical
protein enzymes. Several
crystallographic structures are now
available for one small catalytic
RNA, the hammerhead, and the
structure of a subdomain of one
large catalytic RNA, the Tetrahymena
ribozyme, has also been solved
crystallographically. Much has been
learned about the pathways by
which complex RNA enzymes
assemble into their final folded
structures. In addition, ribozymes
targeted against viral RNA genomes
and the messenger RNA (mRNA)
products of disease-associated genes
have found their way into
pharmaceutical laboratories, if not
into pharmacies.
Ribozyme families
Several classes of catalytic RNA occur
in nature, each distinguished by
characteristic structures and chemical
mechanisms. Group I introns occur
within precursor ribosomal RNAs
(rRNAs), transfer RNAs (tRNAs) and
mRNAs of many organisms,
including bacteria. Group II introns
occur mainly in mitochondrial and
chloroplast RNAs of plants, fungi and
yeast. RNase P, the ubiquitous
enzyme responsible for removing
sequences from the 5′ end of
precursor tRNAs in all organisms,
also has an active site composed of
RNA. The family of self-cleaving
ribozymes includes the hammerhead,
hairpin, human hepatitis δ virus and
Neurospora VS RNAs. Self-cleaving
RNAs are generally found in virus-
associated RNA genomes where they
participate in processing
intermediates of rolling-circle
replication. The Neurospora VS
ribozyme, an exception, is transcribed
from a mitochondrial plasmid.
All of the self-cleaving RNAs
and some Group I introns function
in vitro without protein, requiring
only buffer and metal cations for
activity. A few Group II introns and
RNase P RNAs function in vitro
without protein but only at very
high salt concentrations. This
requirement for high salt
concentrations points to a possible
role for protein cofactors in vivo —
to promote compact folding of
polyanionic RNAs by shielding
phosphate charge.
Whereas natural ribozymes all
catalyze phosphate transesterification
reactions (see green box), new
ribozymes catalyzing a variety of
reactions have been found through
‘in vitro evolution’ protocols. In vitro
evolution is a laboratory
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The biochemical reactions catalyzed by the
large (about 400 nucleotides) Group I,
Group II and RNase P RNAs (Figure 1a)
generate products with 3′ hydroxyl termini
(colored green). The reaction involves
attack of a nucleophile (electron donor,
colored blue) on the reactive phosphate of
the phosphodiester bond at the
intron–exon boundary to form a trigonal
bipyramidal transition state. For Group I
and Group II self-splicing introns and
RNase P, the attacking nucleophile is the
3′ hydroxyl of a guanosine cofactor, the 2′
hydroxyl of an adenosine within the intron,
or water, respectively.
The small (about 50–150 nucleotides) self-
cleaving RNAs catalyze a mechanistically
distinct phosphodiester cleavage reaction
(Figure 1b) that involves attack of the 2′
hydroxyl nucleophile (colored purple) to
form a trigonal bipyramidal transition state.
The reaction generates 5′ hydroxyl (colored
orange) and 2′,3′-cyclic phosphate termini.
Ribozyme reactions
Figure 1
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recapitulation of a process that,
according to the ‘RNA world’
hypothesis, once facilitated the
emergence of life. A pool of
randomized RNA sequences is first
subjected to a selective step based
on the desired reaction chemistry.
The few RNAs that can perform the
reaction are then reverse transcribed,
amplified and used to prepare more
RNA for further cycles of selection,
or cloned and characterized. Novel
ribozymes that have been derived in
this way catalyze phosphate
transesterification reactions, like
natural ribozymes, but also catalyze
aminoacylation, alkylation and
biphenyl isomerization reactions at
carbon centers, among others.
Ribozyme structure
Members of each class of catalytic
RNA adopt a distinctive secondary
structure defined by a series of base-
paired helices connected by
unpaired internal loops. Models of
catalytic RNA structures have been
constructed through a strategy based
on phylogenetic comparison. In this
method, nucleotide pairs that
consistently co-vary, that is, maintain
Watson–Crick complementarity
despite sequence changes, provide
evidence for base-paired helices.
The functional relevance of a model
is then assessed using biochemical
mapping techniques and from the
effects on catalysis of modifications
that disrupt or maintain putative
interactions. Mutations within
internal loops often impair activity,
implicating loop nucleotides in
critical active-site structures and
long-range tertiary interactions. This
method was validated strikingly
when the crystal structure of a
Group I ribozyme subdomain was
found to conform in every major
respect to the detailed three-
dimensional model that had been
developed through comparative
sequence analysis.
Ribozyme assembly
Apart from RNase P cleavage of
precursor tRNAs — a reaction that
undergoes repeated cycles of catalysis
— catalytic RNAs normally mediate
self-processing reactions (in other
words, the ribozyme molecule carries
out a reaction on a part of itself).
From structural models came the
insight that catalytic motifs that form
within a single RNA molecule in
nature could be divided into separate
ribozyme and substrate RNAs. The
two RNAs can be prepared
individually then combined to
assemble and react under controlled
conditions, which makes them
accessible to the same enzymological
methods used for elucidating
mechanisms of protein enzymes.
Most ribozymes bind substrates
and products, at least in part, by
forming intermolecular base-paired
helices. Because of this,
ribozyme–substrate and
ribozyme–product complexes
typically have much higher
association constants than protein
enzyme–substrate complexes. This
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Figure 2
The catalytic cycle of the Tetrahymena
ribozyme. Substrate (colored black) base
pairs with the complementary ‘internal guide
sequence’ (colored red) of the ribozyme to
form the P1 helix in an ‘open’ complex.
Docking of the P1 helix into the catalytic
core brings the reactive phosphodiester near
the bound guanosine cofactor (indicated by
yellow arrow) in the active site. Because
substrate dissociation from this ‘closed’
complex is much slower than the catalytic
reaction, virtually all substrate that binds
goes on to cleave. Product release requires
the P1 helix to melt, a slow step that limits
the rate of multiple turnover reactions.
(Courtesy of Luc Jaeger; adapted, with
permission, from Figure 2 by TR Cech and
D Herschlag in Catalytic RNA, Springer
Verlag 1996, see reference list.)
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Docking
can limit the rate of multiple
turnover reactions and lead to loss of
specificity. A ribozyme that binds a
perfectly complementary substrate
with picomolar affinity can bind a
mismatched substrate with an
affinity in the nanomolar range.
When mismatched substrates
dissociate at rates much slower than
cleavage rates, even mismatched
substrates will almost always go on
to cleave once bound.
Considerable progress has been
made in defining the pathways by
which the large, highly structured
Group I and RNase P ribozymes
fold into their final, functional
forms, a process that usually
involves the ‘substrate’. Folding
proceeds in a highly cooperative and
hierarchical manner. Assembly
begins with rapid and virtually
irreversible annealing of base-paired
helices. Helix formation is followed
by coaxial stacking of specific
helices into subdomains. During the
final stages, subdomains coalesce
into the final close-packed structure,
forming tertiary interactions
between nucleotide bases, between
riboses, and between metal cations
and phosphates. It is this final
subdomain ‘docking’ that proteins
are thought to facilitate in vivo. The
structural transitions that
accompany the catalytic cycle of the
Tetrahymena ribozyme in vitro have
been examined in particular detail
(Figure 2). What remains to be
explored is how the intracellular
ionic environment, small molecules,
RNA helicases and helix-stabilizing
proteins, and the 5′–3′ polarity of
RNA transcription influence RNA
assembly pathways in vivo.
Ribozyme catalysis
The defining feature of a catalyst is
the ability to lower the energy
barrier between the transition state
and the ground state of the
reactants. Ribozymes fold into
highly ordered structures that can
bind RNA substrates, metal cations
and small molecules with high
affinity and specificity. Therefore,
like protein enzymes, ribozymes can
promote catalysis by positioning
substrates in the active site and
creating favorable interactions with
the transition state and unfavorable
interactions with the ground state.
The shortcoming of RNA
enzymes when it comes to
catalyzing biological reactions is the
absence of functional groups as
adept at catalytic chemistry as the
amino acid side chains of protein
enzymes. Nucleosides seem to lack
functional groups, like histidine
imidazoles, for example, that could
remove a proton from an attacking
nucleophile. No ribonucleoside
functional groups have positive
charge, like ε amino groups of
lysine, for example, to stabilize the
negative charge that develops when
five oxygens transiently bond to
phosphorus in the transition state
(Figure 1).
Some catalytic RNAs overcome
this problem by recruiting metal
cation cofactors. All the RNA
enzymes so far studied seem to
require metal cations to stabilize
folded structures. Some RNA
enzymes, however, do not seem to
require direct coordination of metal
cations for catalytic chemistry. The
alternative catalytic strategies
available to these ribozymes are not
yet understood.
Antisense ribozymes
As hairpin and hammerhead
ribozymes impose few constraints on
the sequence of their substrates
beyond the ability to form base-paired
helices with the ribozyme, they can
be engineered to recognize and cleave
virtually any target RNA. Antisense
ribozymes (so-called because they’re
designed to complement target
RNAs) offer the potential for specific
inactivation of disease-associated
mRNAs or viral RNA genomes in a
way that, unlike conventional
therapeutics, requires no knowledge
of the structure or function of the
proteins these RNAs encode.
Antisense ribozymes based on
the hammerhead and hairpin
catalytic motifs readily cleave a
variety of target RNAs in vitro.
Despite several striking successes
at gene inactivation in vivo, however,
no general antisense development
strategy has emerged. Researchers
often find that in vitro cleavage
efficiency has little predictive value
for antisense activity in vivo. Efforts
to optimize antisense ribozymes have
focused mainly on screening target
RNAs for accessible sites and on
increasing intracellular ribozyme
concentrations. Intrinsic features
of a potential target RNA —
nucleoprotein structure, abundance,
stability, and intracellular location —
that probably influence the impact of
ribozyme activity on target RNA
levels are only now being assessed.
Intracellular RNA-mediated
reactions promise to provide a fertile
area for future research from both
scientific and practical viewpoints.
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